The insect pest complex in U.S. pulse crops is almost an "orphan" in terms of developed microbial control agents that the grower can use. There are almost no registered microbial pest control agents (MPCA) for the different pulse pests. In some cases, a microbial is registered for use against specific pests, e.g., grasshoppers, but not in pulse crops. In most cases, best-use practices for any of the microbials are not defined for pulses. Thus, there are ample research opportunities in this area. This review discusses what is actually or potentially available to manage each of the pulse crop pests and identifies research needs to make microbial control measures a reality.
within a few days. Under certain conditions, there can be secondary, horizontal transfer to new hosts. A summary of these viruses can be found in Harrison and Hoover (2012) . The bacterial products are primarily strains of Bacillus thuringiensis Berliner (hereafter referred to as Bt), namely subspecies kurstaki, aizawi, galleriae, tenebrionis, and israelensis. B. thuringiensis kurstaki and B. thuringiensis aizawai have relevance for the lepidopteran pests; B. thuringiensis galleriae and B. thuringiensis tenebrionis relevance for coleopteran pests in pulse crops. All Bt act via Cry and vip proteins, produced during sporulation, and acting on the intestinal epithelium. These proteins must be ingested to be effective. Extensive information about this class of microbials is summarized in Fiuza et al. (2017) . Chromobacterium subtsugae Martin et al. (Asolkar et al. 2014 ) and strain A396 of Burkholderia rinojensis Yabuuichi et al. (Cordova-Kreylos et al. 2013 ) are additional registered bacterial agents, but different from Bt. C. subtsugae is toxic by ingestion and contact, interfering with eclosion and reproduction, and has some repellency. B. rinojensis is also active by contact and ingestion, with toxicity expressed by interference with enzymatic degradation of exocuticle and molting. Both are commercialized as mixtures of heat-killed microbials and fermentation byproducts and seem to act both perorally and percutaneously. More information on these can be found in Ruiu (2015) . The insect-pathogenic fungi are in the Ascomycete genera Beauveria, Metarhizium, and Isaria. The specific fungi seeing commercialization are Beauveria bassiana (Balsamo) Vuillemin, Metarhizium anisopliae sensu lato (Metschnikoff) Sorokin, Metarhizium flavoviride Gams and Rozsypal, Paecilomyces farinosus (Dickson ex Fries) Brown and Smith (now Isaria farinosa (Holmskjold) Fries), and Paecilomyces fumosoroseus (Wize) Brown and Smith (now Isaria fumosorosea Wize). These are somewhat generalist pathogens whose host spectrum spans orders of insects and are dose dependent. Paranosema locustae (Canning) Sokolova, Dolgikh, Morzhina, Nassonova, Issi, Terry, Ironside, Smith & Vossbrinck, once considered a protozoan but now recognized as a fungus, has been commercially available for many years for use against grasshoppers (Lockwood 1988) . The aphids of many crops, including pulses, can be strongly affected by natural outbreaks of Entomophthorales, but these fungi tend to be host-specific and cannot be easily mass produced, and so have not been commercialized. In addition, they can be greatly affected by environmental factors, which can make their impact unpredictable in a practical sense. While really Metazoa, not microorganisms, several entomopathogenic nematodes are often included as biopesticides. The primary nematode species are Steinernema carpocapsae Weiser, Steinernema feltiae Filipjev, and Heterorhabditis bacteriophora Poinar, although additional species are under development or study. The entomopathogenic nematodes have been exempted by the U.S. Environmental Protection Agency (USEPA) and the Canada Pest Management Regulatory Agency (PMRA). Thus, commercialization challenges with nematodes are technical rather than regulatory. A number of small nematode producers in the United States and Canada supply the trade, and some products are imported for sale in the United States. Further information about using these nematodes as biocontrol agents can be found in Grewal et al. (2005) .
The subsequent sections will consider the actual or potential utility of these MPCA against the individual pulse crop pests. In general, however, microbial control of pulse crop pests has largely been ignored in the United States and Canada. For example, the otherwise comprehensive text on microbial control of insect pests edited by Lacey (2017) lacks any direct discussion of pulse crops. In some cases, where a pest attacks important crops other than the pulses, agents have been commercialized for use against that pest in those crop systems but not specifically in pulses. It is unclear why pulse crops have been ignored. My comments will focus when possible on microbial agents that are registered for use in the United States and Canada. Where this is not possible, I will propose potential agents that could be developed for use against a particular pest and the research required to do so. So, in many cases, there are more unknowns than knowns, and thus fruitful areas for research. (Dixon 2015) , but data were preliminary and considerable research needs to better verify utility. The commercial B. bassiana were deemed to have poor efficacy, yet no data were given in the report. In a project specifically targeting D. platura with fungi in Guatemala, small plot field trial application of Metarhizium granules to the soil beneath each plant reduced seed corn maggot damage in broccoli equivalent to the imidacloprid treatment (Marleny 2017) . Application of the fungus was manual and not practical under North American agricultural practice.
An inherent problem with using soil drenches of fungal conidia is the limited ability of conidia to percolate through most soils (Jaronski 2007 (Jaronski , 2010 . A more practical approach could be the use of granular formulations applied in furrow at planting. Granular formulations are discussed in more detail in the wireworm section.
There may be a Delia-active B. thuringiensis crystal type waiting to be developed. There are currently 75 described major crystal protein types (798 including subtypes), many of which have an unknown specificity (Crickmore et al. 2016) . Eilenberg et al. (2000) isolated B. thuringiensis aizawaii and B. thuringiensis balearica from D. radicum, but neither these nor kurstaki strains were toxic in bioassay. Much more work needs to be done in this area.
A possible microbial agent is B. rinojensis A396, commercialized as Venerate XC (Marrone BioInnovations) for foliar or soil applications in water, and as BioST Insecticide 100 (Albaugh LLC, Ankeny IA) as a seed dressing. The specimen label for BioST includes "seed corn beetle" and "root and seed maggots" (Albaugh 2016) . A literature search in January 2018 using Scopus and Google Scholar failed to reveal any published efficacy studies with D. platura, however. Thus, efficacy of either remains to be determined.
A noncommercial Steinernema sp.
(strain JCL027), tested against D. platura in commercial spinach at crop germination, development, and harvest times, reduced damage from the insect 40-50% at a rate of 8,000 Infective Juveniles (IJ) per plant (Jaramillo and Sáenz 2013) . These data are encouraging even though generated in a tropical nonpulse crop. Use of nematodes, particularly the commercial S. feltiae, S. carpocapsae, and H. rhabditis, should be pursued in the cool season pulse crops. Economics of nematode use is another question. At one source, 5 × 10 6 IJ of S. feltiae, S. carpocapsae, or H. rhabditis cost US$70 in December 2017 (Peaceful Valley Farm Supply 2017) . Extrapolating from the Jaramillo and Sáenz data, the cost of using these nematodes would be US$0.11 per plant in a U.S. pulse crop.
Wireworm Complex
The MPCA with the most potential for use against wireworms are the entomopathogenic fungi, specifically B. bassiana and M. anisopliae sensu lato. Most of the research focus targeting wireworms has been in cereal crops, maize, and potatoes, however. Of the current fungi registered in the United States and Canada, only B. bassiana strain GHA has wireworms listed on its product (BotaniGard, Mycotrol) labels, but the registrant, Lam International, now part of Certis USA (2017), has not issued any user guidelines. There has been sporadic work focussing on novel Metarhizium in Canada and more recently in Western Europe (Kabaluk et al. 2007 , Brandl et al. 2017 .
One challenge is fungus strain specificity for the different wireworm species (Kabaluk et al. 2007 ) in the face of typical concurrent presence of a complex of wireworm species. For example, M. brunneum F52 was less virulent than several other Metarhizium strains for larval Agriotes obscurus L., Agriotes lineatus L., and Agriotes sputator L., but equal to the others for L. canus LeConte (Kabaluk et al. 2007 ). Another challenge has been practical, effective delivery, given the transient nature of wireworm attack as well as the need for application of fungi to be compatible with contemporary agricultural practices. Although in-furrow application of an aqueous suspension of conidia has had some success (Reddy et al. 2017) , subsequent efficacy data have not been consistent. Effective use of fungi is a "numbers game"-the number of conidia per cc of soil. Typically, with conidial suspensions mixed into the soil, at least 2 × 10 5 conidia/cc are needed, requiring uneconomic amounts of mycoinsecticide (Jaronski 2010) . A possible approach is use of nutritive granules to create foci of large numbers of conidia. When planted into the soil, the granule would hydrate from the available soil moisture, the spores germinate, and the fungus grow and resporulate on the granule. A soil insect needs only to encounter one or few such granules of sporulated fungus to acquire a lethal dose. Focus, especially in Canada and Europe, has been on granular formulations applied at planting. One type is a nutritive granule consisting of corn grit particles or polenta coated with hydrophilic binder and conidia. Another type is millet in which fungus has been allowed to establish during solid substrate fermentation, but then dried. A completely different alternative is a granule composed of Metarhizium microsclerotia that are produced under specific liquid fermentation conditions (Jackson and Jaronski 2009) . Upon rehydration in the soil, the microsclerotia germinate and resporulate. Key points are that the granules have a size allowing easy application at planting and that the fungus grows out and sporulates in the soil after application to produce large numbers of infectious conidia in numerous tight foci, creating "minefield" through which the soil-dwelling insect must crawl. A variant has been developed in Germany specifically against wireworms in potatoes. This variant is an alginate granule containing CO 2 -producing yeast, starch nutrition for the yeast, and Metarhizium conidia (Vemmer et al. 2016 , Brandl et al. 2017 . Carbon dioxide generation by the granule makes it attractive to wireworms, which bite into the granule and thus acquire an efficacious quantity of conidia around their mouthparts. As appealing as this approach may be, current cost of the recently registered product is probably prohibitive for pulse crops. It is also not registered in the United States, so not, at present, available to growers.
Low soil temperatures also are of concern, because as temperatures go below 18-20°C vegetative growth of both the commercial Beauveria and Metarhizium, as well as many unregistered strains, slows, generally ceasing at 8-10°C (Kabaluk et al. 2007 , Jaronski 2010 . This situation greatly prolongs the prepatent period of infection, during which the wireworm larvae continue to feed and cause damage. Prepatency can be 30, even 60 d, if temperatures are <10°C.
B. rinojensis A396 is a potential agent for wireworms. The Albaugh BioST Insecticide 100 label includes wireworms (Albaugh 2016) . However, field trials of Venerate (Burkholderia A396) by Antwi et al. (2018) against wireworms in spring wheat did not reveal that the product had any significant efficacy when applied as an infurrow spray at planting. The seed treatment approach with BioST remains to be evaluated.
Cutworm Complex
The Autographa californica nucleopolyhedrosis virus (AcMNPV) purportedly has good infectivity and virulence for Euxoa messoria Harris and Agrotis segetum Denis & Schiffermüller, but its activity against E. auxiliaris is not known (Jehle et al. 2006) . One AcMNPV product had USEPA registration in the 1990s, but that registration has since expired. Andermatt Biocontrol has submitted a registration application for their AcMNPV strain FV11 in the United States, but the exact pathogenicity of FV11 for E. auxiliaris and A. segetum is unclear. The genus Euxoa has a number of NPV and granuloviruses (Grancher-Barray et al. 1981 , Rud et al. 1984 , Fossiez et al. 1989 . Euxoa auxiliaris itself has an NPV, a granulosis virus (GV) (Quiot and Belloncik 1977; Jackson et al. 1985) , and an entomopoxvirus (McCarthy et al. 1975) . The efficacies of all three are unknown. Several NPV and GV have been isolated from A. segetum (e.g., Zethner et al. 1987 , Jakubowska et al. 2005 as well as A. ipsilon (El-Salamouny et al. 2003) , but none are commercially available. Zethner (1980) evaluated the field efficacy of a GV against A. segetum in beetroots, carrots, and potatoes, demonstrating 65-80% reduction. This virus was experimentally produced and not commercialized. At least one study indicates some cross specificity of NPV from other Lepidoptera to Euxoa scandens (Belloncik et al. 1986 ).
The challenge in using viruses is that the target insects in pulse crops represent a complex of species, varying by location and timing, not just one species. Any virus product has to have sufficiently generic activity against all the species, or represent a mixture of viruses to achieve the necessary host spectrum, to be practical. There is also question whether morbidity and mortality from viremia are rapid enough to prevent economic loss. Assuming there is sufficient efficiency in delivering virus to the insects to prevent or reduce damage, is the speed of kill from viral infection sufficient to protect yield? The dose needed to kill increases greatly with larval age. First and second instars are the prime targets while older instars require much larger doses of virus and live much longer, often with chronic infection. The combination of these factors means that NPVs are only successful as pest control agents when application is able to target early instars at high efficiency. This question remains to be answered with field trials using suitable viruses.
At least one registered B. thuringiensis product has "cutworms" on its label (Valent Biosciences 2017). Agrotis ipsilon has been the target insect in a number of laboratory and field studies, e.g., Salama et al. (1991 Salama et al. ( , 1995 , because of its importance in other crop systems, esp. maize. There have been fewer studies concerning A. segetum (Jarrett and Burges 1986 , de Maagd et al. 2003 , Sevim et al. 2010 ) and these have been outside the United States. Cheng et al. (1973) observed that several commercial Bt products available in Canada at the time (Thuricide 90TS, Thuricide-HP, Biotrol BTB 183, and Dipel) were efficacious against first through third instar E. messoria, but all were much less pathogenic for older instars. A Cry9Ca from B. thuringiensis tolworthi is of particular interest because of its reported high potency for a broad host range of torticids and noctuids including A. segetum, which seems to be difficult to control with current B. thuringiensis-based products (Lambert et al. 1996) .
Evaluation of registered and new Bts against the cutworm complex is an area worth investigation. The speed of kill from Bt-2-3 d-may be sufficient to reduce crop damage from the larvae.
Delivery is a challenge, however, given the biology of the cutworm complex and the need for sufficient toxin to be acutely lethal. A bait formulation may be needed to maximize consumption of Bt by the insects and minimize plant tissue consumption. Research on Bt baits for cutworms has been minimal, largely confined to studies by Salama et al. (1990a Salama et al. ( ,b, 1995 , but holds potential for pulse crop cutworms. Salama (1990b) formulated the commercial Bt, Dipel 2X WP, with molasses and water on wheat bran, and applied the bait at the rate of 59 kg ha −1 to Vicia fabae L., targeting A. ipsilon. They achieved 40-54% reduction in larval numbers at 7 d, and 68-74% at 10 d. These efficacies were only slightly less than that with an organophosphate spray. Yields were increased 1.5-1.6 fold with those from the Bt and were equivalent to the organophosphate. Addition of K 2 CO 3 to the bait further increased Bt bait efficacy. In a second study, Salama et al. (1990a) applied Bt baits (Dipel 2X WP) on molassas-wheat bran carrier to peas, lentils, potato, eggplant, and okra, again targeting A. ispilon. Their rates of Bt bait were 59 kg ha −1 (595 g Dipel ha −1 ). In pea and lentil, control was equivalent to the organophosphate treatment with a two-fold yield increase for both compared to the untreated control. Bt baits were compared to sprays only in potato where the baits provided better control than the sprays. In addition, incorporation of calcium sulfate or calcium oxide accelerated Bt efficacy in this Egyptian study. In yet another Egyptian study, in soybean, Bt baits achieved 96% reduction in larval A. ipsilon and 86% yield increase (Salama et al. 1995) . Interestingly, these studies of Bt baits against cutworms do not seem to have been followed up by others, based on Scopus and Google Scholar searches of subsequent literature. Use of a Bt kurstaki bait to improve efficacy against at least A. segetum is a promising lead, because the composition of Bt Cry toxins in Dipel do not seem to be very toxic to this species, thus requiring a greater dose (Langenbruch 1977) . No data about the toxicity of the commercial Bt strains against the other members of the cutworm complex seem to exist in the literature. A granular form of Bt, Dipel 10G is registered for corn and tobacco and is commercially available (Valent Biosciences 2018). Evaluations of these granular or experimental baits similar to that of Salama et al. (1990a) should be conducted against the cutworm complex of the pulses.
The label for commercial C. subtsugae PRAA4-1 lists "cutworms," but in alfalfa, asparagus, brassica leafy vegetables, bulb vegetables, corn, cucurbits, fruiting, and leafy vegetables, not pulse crops per se (Marrone Bio Innovations 2017). The original U.S. patent regarding C. subtsugae strain NRRL B-30655 and its bioactive metabolites claims use against Agrotis spp. and Euxoa spp. but provides no data. There is unfortunately a dearth of published data about the efficacy of this organism for the primary pulse crop cutworm species and thus opportunity for research to evaluate its potential.
Attempts have been made to evaluate the efficacy of entomopathogenic nematodes against cutworms, but in other crops such as lettuce (Lossbroek and Theunissen 1985) , corn (Levine and OloumiSadeghi 1992, Shapiro et al. 1999) , bentgrass (Buhler and Gibb 1994) , and carrots (Yokomizo and Kashio 1996) . The last authors observed that carrot injury was reduced at least by 50% with one application of 10 6 IJ m −2 or two applications of 5 × 10 5 juveniles m −2
in an 8-d interval. In a lettuce field trial, treatment with 2.5 × 10 5 to 1 × 10 6 nematodes m −2 sprayed onto the soil surface yielded highly significant yield protection-0.6-3% yield reduction versus 21-30% with water carrier controls (Lossbroek and Theunissen 1985) . While large scale use of nematodes may not be practical economically, good scouting to detect localized invasion may make use in pulse crops feasible. More field efficacy research is needed.
Pea Aphid and Cowpea Aphid
The fungi are possibly the most useful for aphid control in pulse crops. The commercial B. bassiana GHA and I. fumosorosea Apopka 97, but not M. brunneum F52, are registered for use against a variety of aphids although their main use has been in protected crops as well as, to a limited extent, outdoor crops. All three fungi have an exemption for residue tolerance from EPA, which means they can be used on all crops, including pulses, although the commercial labels may show more restricted usage. Outside the United States, there are additional fungus products registered for use against aphids. In Kenya, for example, a M. anisopliae, Metarhizium 62, is specifically registered for use against black bean aphid and pea aphid as a foliar spray (Real IPM 2018) . It is not yet registered in the United States or Canada, so the use of this Metarhizium 62 would be illegal in these countries until it is registered. Furthermore, the USDA Animal Plant Health Inspection Service recognizes strains of any biocontrol microorganism originating from outside the continental U.S. as "nonindigenous" and requires permits for lab or field study.
Several new products-Biorational X6 and Biorational X7-incorporating B. bassiana GHA have potential advantages over the basic formulations (Microbio 2018 ). The first is a mixture of the fungus spores and a pyrethroid, while the second combines the spores with neem extract, both for purported synergistic action against Homoptera, thrips, psyllids, and mites (Microbio 2018) . A product similar to X6 is BotaniGardMAXX (LAM International 2017a,b,c,d,e), incorporating the same strain of Beauveria. The product is based on the B. bassiana GHA strain and refined pyrethrum extract. This material, as well as the BotaniGard and Mycotrol products, has potential utility against aphids and needs to be evaluated.
Grandevo (C. subtsugae strain PRAA4, and spent fermentation media) is registered for use against both aphids and Lygus spp., but not in pulse crops. The registrant of this product recommends using in a tank mix program, applying 1.1-2.2 kg of product/ha when tank-mixing, or in a rotational program, applying 2.2-3.3 kg/ha when alternating with other products. (Marrone Bio Innovations 2017b). Two consecutive applications, applied early, are recommended. If aphid populations are high, the registrant suggests tankmixing or alternating with a contact insecticide, with application of the latter first.
The manufacturers of both the Beauveria and Isaria products caution that efficacious use requires early application before target insect populations build. This need is especially true with aphids, which reproduce rapidly. Once an aphid population has increased considerably in a crop, the fungi are insufficiently efficacious, and chemical insecticide application is recommended. Immature aphids molt too frequently for good fungal infection because the conidia take approximately 24 h to penetrate into the hemocoel from the time they attach to the cuticle, so the invading fungi are often shed with the exuvium. Neem can reduce aphid fecundity and slow developmental time (Santos et al. 2004 ) and could be a useful adjunct to a mycoinsecticide. One Beauveria product, BotaniGard MAXX, is just such a mixture. It should be evaluated against pea aphid and cowpea aphid. Another potential limitation is that the fungi are contact agents, so foliar sprays must penetrate the plant canopy and spores reach the aphids in sufficient numbers to cause fatal infection. Many of the challenges in using fungi against foliar pests are discussed by Jaronski (2010) . In 1970, Müller-Kögler and Stein (1970) conducted soil incorporation bioassays of a Beauveria using S. lineatus larvae. They observed an LC 50 on the order of 10 6 -10 7 conidia cm −3 of treated soil, and almost complete control with 10 8 conidia. The fecundity of surviving adults was also reduced. Verkleij et al. (1992) tested an M. anisopliae (subsequently identified as M. brunneum F52 or BIPESCO 5) in the form of experimental dried mycelial granules (BIO1020, Bayer) applied to the soil around field bean plants. The concept with these mycelial granules was that the fungus would grow out on rehydration from the adjacent soil and sporulate, creating foci of large numbers of conidia, much as is described in the wireworm section. The fungus granules were mixed into the top 7.5 cm of field-collected soil in outdoor mesocosms that were planted with fava bean, and S. lineatus eggs added 4 wk later. In the greenhouse study, no significant larval mortality or reduction of root damage was noted (because of large variances), but there was a clear numerical dose response in damage reduction with several of the replicate tests, especially in the side roots. In a parallel field study, the mycelial granules were applied as 0, 5, 10, and 20 g granules per meter of row, around the plants in strips of 20 cm wide and 10 cm deep. These rates were equivalent to 100-440 kg ha −1 based on the design of the test. No significant effects on root damage or insect survival were noted in this study. Confounding factors were low soil temperatures and a considerable prevalence of natural Metarhizium infections (33% of plants had infected larvae) among in the field plots. Steenberg and Ravn (1996) tested efficacy of Beauveria grown on crushed wheat kernels, applied beneath mulch cover in mesocosms, against the overwintering adult stage in Denmark. Following fall application, infected weevils were found under the mulch, but mortality was postponed until the onset of spring. The data are problematic and incomplete so little useful information can be extrapolated from the study.
Pea Leaf Weevil
The commercial Beauveria and Metarhizium should be sufficiently pathogenic to S. lineatus. Beauveria in particular, has a broad spectrum of activity. The commercial mycoinsecticides in their various formulations need to be tested in small plot field trials to determine practicality. I see several application approaches. The first, against adults, would be a foliar spray delivered shortly after the adults become active in an attempt to reduce fecundity and ultimately the numbers of damaging larvae. A disadvantage of this approach is the need for adults to acquire an effective number of conidia for fatal infection, either directly from the sprays or indirectly from treated foliage as the insects move and feed. The latter is affected by deleterious effect of ultraviolet components of sunlight on the conidia with a potential half-life of 1-1.5 d (Jaronski 2010) . Several sprays may be necessary, a requirement that may not be cost effective in pulse crops. Timing to reduce fecundity is critical, given a potential 7-9 d prepatent period; enough time has to be allowed for the adult female to die before laying any/many eggs. In addition, the fungi may take too long to kill their hosts to limit direct damage.
The second approach is to treat the larvae either with a drench spray or granules applied around the seed at planting. Given that larvae crawl down to and feed on the Rhizobium nodules, the only opportunity for larvae contacting infectious conidia is during their migration after hatch down to the roots, through an "infectious minefield" of the conidia. The practicality of in furrow applications of a fungus against a root feeder has been studied in another system-Tetanops myopaeformis (sugarbeet root maggot) (Majumdar et al. 2006) . Here, fungal conidia were applied either as granules in furrow at planting, as a furrow spray or as a 5 cm banded spray over the row shortly before flies began oviposition, as determined by degree day models and in field observations. There were significant challenges in obtaining good efficacy, however, challenges summarized by Jaronski et al. (2007) . Many of these challenges also apply to larval pea leaf weevil.
In 2016, B. thuringiensis galleriae SDS502, featuring a new protein, Cry8Da, was commercialized in the United States and Canada (Phyllom Bios 2017a) in wettable powder (WP) and granule (G) formulations. While it has been primarily marketed against Scarabaeidae in managed turf, the registration label includes several Curculionidae larvae-Anthonomus eugenii Cano (pepper weevil); Cylas formicarius (Fabricius) (sweet potato weevil); Curculio caryae Horn (pecan weevil); Otiorhynchus ovatus L. (strawberry root weevil); Hypera brunneipennis Boheman (Egyptian alfalfa weevil); Hypera zoilus Scopoli, (clover weevil); and Sitophilus oryzae (rice water weevil) (Phyllom Bios 2017b). The registrant's recommended general application rate of the WP is 2.5 kg ha −1 in 280-935 l ha −1 , applied at 7-9 d intervals, although label rates are 1-20 kg ha −1 . The toxicity of the commercial Bt product is unknown, but if it is sufficiently toxic under field conditions, it could have a role. Shresta et al. (2018) observed a 27-59% reduction in larval alfalfa weevil numbers following one spray of 2.25 or 4.5 kg WP ha −1 . The WP could be applied as a foliar spray against the adults (again timing is critical). The Bt could potentially be used as an at-planting, in-furrow drench, or in-furrow application of granules. There may also be practicality as a postplanting lay-by soil drench. The location and behavior of the larvae makes them difficult targets for bacterial or fungal products. Regardless, there is ample room for research with this Bt.
Another potential agent is C. subtsugae PRAA4-1. It has been commercialized in the United States for a number of weevil pests including A. eugenii Cano (pepper weevil), Anthonomus musculus Say (cranberry weevil), and pecan weevil (Marrone Bio Innovations 2017) . There are few published efficacy data for Curculionidae in general, and none for S. lineatus. Field tests (Shapiro-Ilan et al. 2013) showed some efficacy (55% reduction in damage from pecan weevil, in the first 3 d, 74.5% corrected mortality within 7 d posttreatment). Thus, there may be potential for this product for use against pea leaf weevil. It remains to be seen whether C. subtsugae materials have any practical efficacy in pulse crops.
The entomopathogenic nematodes S. carpocapsae, S. bibionis, and H. bacteriophora yielded 50% mortality in 6 d and 100% in 14 d and successfully reproduced in S. lineatus Wiech 1988, Wiech and Jaworska 1990 ). An interesting aspect is that larval mortality from S. carpocapsae was significantly greater for larvae originally reared from peas than from V. faba. In additional studies, survival of adults was 95% during the first week and 10% after a month at 23°C. Larvae and adults reared on early peas were highly susceptible to infection, with pupae less susceptible. Adults were variously susceptible to infection depending on nematode species and food plant (Jaworska and Ropek 1994) . Again, as mentioned elsewhere, the economic feasibility of using nematodes in pulse crops is uncertain.
Lygus Bugs
Because of their importance in a variety of other crops, there has been more research about the use of MPCA, particularly fungi, against Lygus species; yet, almost nothing in pulse crops. The commercial B. bassiana GHA, which has Lygus spp. on its registration label, has been evaluated a number of times in the field (Steinkraus and Tugwell 1997 , Noma and Strickler 2000 , Spurgeon 2010 , McGuire and Hudson 2016 . There have also been laboratory and field studies with other, noncommercial B. bassiana in an effort to overcome some of the environmental limitations, particularly temperatures in excess of the upper threshold for growth of the GHA strain (Bidochka et al. 1993 , Liu et al. 2002 , Leland 2005 , Sabbahi et al. 2008 . Far less research has been conducted with Metarhizium (Leland 2005) .
In one study B. bassiana GHA applied at 280 g WP (1 × 10 13 conidia) ha −1 yielded 50% efficacy against L. lineolaris in Arkansas field cotton but only had 4 d persistence (Steinkraus and Tugwell 1997) . A significant limitation to the efficacy by B. bassiana GHA is ambient or insect body temperature in excess of 32°C Strickler 1999, Ugine 2011 ). This situation may not be relevant to pulse crops in the Northern Great Plains of the United States given typical temperatures during the window of Lygus activity, however. Short field persistence of fungal spores, regardless of species or strain, is also a concern in face of continuous immigration of Lygus into a field, and probably required repeated application. In addition, Noma and Strickler (2000) observed that feeding by infected Lygus actually increased compared to uninfected counterparts. Application timing is also critical in order to minimize damage to the pulses. Regardless of past work in other crop systems, research is needed to evaluate optimal application rates and timing for good, economic efficacy in pulses.
Both Grandevo (C. subtsugae) and Venerate (B. rinojensis) are evidently effective against Lygus; this target, in strawberries, is listed in the company literature (Marrone Bio Innovations 2017), with a recommended use rate of 2-3 kg ha −1 . However, in a study conducted in strawberries by Dara (2015) , Grandevo by itself had no effect. In another study (Firlej 2017 ), Grandevo at 3 kg ha −1 failed to provide significant control of tarnished plant bug in strawberries. It remains to be seen whether it would have satisfactory efficacy in pulse crops.
Bt proteins toxic for Heteroptera, specifically Lygus spp., have been identified (Baum et al. 2012 (Baum et al. , 2015 (Baum et al. , 2017 . In addition, two Cry toxins (Cry64Ba and Cry64Ca) were identified as toxic to two hemipteran rice pests, Laodelphax striatellus and Sogatella furcifera (Liu et al. 2017) . Delivery must be via a transgenic plant, given the feeding behavior of these insects. Gowda et al. (2016) subsequently optimized the Cry51Aa2 protein using selective amino-acid substitutions to increase toxicity for Lygus species by >200-fold. Transgenic cotton expressing the variant protein, Cry51Aa2.834_16, reduced Lygus populations up to 30-fold in whole-cotton plant caged field trials. USEPA has granted an Experimental Use Permit and temporary exemption from a residue tolerance for a plant-incorporated B. thuringiensis protein, mCry51Aa2.834_16 (mCry51Aa2) in or on cotton (USEPA 2017). These developments are a breakthrough in the control of Lygus species. Whether any pulse crops are transformed in the future to express this or related proteins remains to be determined.
Grasshoppers
P. locustae is registered and marketed in a bait form for grasshopper control. Primary targets are the Melanopline grasshoppers, especially M. bivittatus, M. differentialis, M. dawsoni, and M. sanguinipes, but it also can be effective against other bait feeding species (Onsager et al. 1980 (Onsager et al. , 1981 . Upon ingestion of the bait, grasshoppers become infected throughout their intestinal epithelium and fat bodies. Acute efficacy, however, is limited to first and second instars. In older insects, the recommended field rates cause a chronic infection with the greatest effects being a reduction in fecundity.
Grasshoppers are on the labels of the B. bassiana GHA products. However, the existence of grasshopper behavioral fever, in which a diseased grasshopper increases it solar basking and thus elevates its body temperature to levels above the upper thermal limits of the fungus, and indeed most Beauveria and Metarhizium, defeats fatal infection. Only the African and Australian M. acridum products have satisfactory efficacy against grasshoppers, but neither is registered in the United States.
Locust-active B. thuringiensis BTH-13 was discovered and patented by Chinese Academy of Sciences researchers. The Cry 7Ca1 crystal protein is toxic to Locusta migratoria (Song et al. 2008 , Wu et al. 2011 ) and has potential for North American grasshoppers. This Bt could be delivered on bait, and because of its acute toxicity, could be useful in managing grasshopper-caused damage. It could be applied directly to the pulse crop, protecting the flowers. A barrier treatment applied around the periphery of a field, between the crop and land originating the grasshoppers (typically CRP or rangeland), might be more effective. BTH-13 is not commercially available in the United States.
Concluding Remarks
Development of any MPCA for use in pulse crops has to be economically driven. Given the cost of developing and registering a new microorganism with EPA, the existing products should be first evaluated. If some practicality of a product is demonstrated, then optimal use practices identified. Among potential new products those with the greatest target spectrum and demonstrated usefulness in other crop systems should be emphasized. The entomopathogenic fungi are best examples of this strategy, with their generally wide host spectrum. With the narrow specificity of the viruses, only those with targets outside the pulse crop pests, such as AcMNPV, have commercial practicality.
No microbial agent should be a primary control tool. There is no "magic bullet." Because few microbials can compete with the efficacy of chemical insecticides, MPCA must be developed within the context of integrated pest management, in which complimentary tools balance the reduced efficacy of a microbial. Thus, efficacy less than that of an insecticide can be acceptable, because other methods (cultural, mechanical, biological) compliment the microbe to produce economic plant protection. Nevertheless, a prime driver is cost of control-any microbial agent has to be cost competitive whether within or without an IPM context. Possible exceptions are organic pulses, on which most chemical insecticides cannot be used. Even so use of an MPCA in this situation cannot cause economic loss to the grower. There is also need for forecasting models, particularly for pea leaf weevil and cutworm, to better target pulse crop pests and optimize crop protection.
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